The attrition rate of functioning allografts beyond the first year has not improved despite improved immunosuppression, suggesting that nonimmune mechanisms could be involved. Notably, glomerulopathies may account for about 40% of failed kidney allografts beyond the first year of engraftment, and glomerulosclerosis and progression to ESRD are caused by podocyte depletion. Model systems demonstrate that nephrectomy can precipitate hypertrophic podocyte stress that triggers progressive podocyte depletion leading to ESRD, and that this process is accompanied by accelerated podocyte detachment that can be measured in urine. Here, we show that kidney transplantation "reverse nephrectomy" is also associated with podocyte hypertrophy and increased podocyte detachment. Patients with stable normal allograft function and no proteinuria had levels of podocyte detachment similar to levels in two-kidney controls as measured by urine podocyte assay. By contrast, patients who developed transplant glomerulopathy had 10-to 20-fold increased levels of podocyte detachment. Morphometric studies showed that a subset of these patients developed reduced glomerular podocyte density within 2 years of transplantation due to reduced podocyte number per glomerulus. A second subset developed glomerulopathy by an average of 10 years after transplantation due to reduced glomerular podocyte number and glomerular tuft enlargement. Reduced podocyte density was associated with reduced eGFR, glomerulosclerosis, and proteinuria. These data are compatible with the hypothesis that podocyte depletion contributes to allograft failure and reduced allograft half-life. Mechanisms may include immune-driven processes affecting the podocyte or other cells and/or hypertrophy-induced podocyte stress causing accelerated podocyte detachment, which would be amenable to nonimmune therapeutic targeting. Podocytes are complex neuron-like postmitotic cells adherent to the underlying glomerular basement membrane via foot processes that must contiguously cover the filtration surface area to maintain the normal filtration barrier. Podocytes cannot divide in situ and have limited capacity for replacement. 1 This means that when podocytes are lost, or the glomerular surface area increases due to glomerular growth, the major adaptive response is by hypertrophy. At the same time, the podocyte's structural complexity means that its capacity to hypertrophy is limited. Inability to maintain contiguous coverage of the filtration surface by foot processes results in protein leak into the filtrate. If podocyte detachment exceeds hypertrophic capacity, other glomerular cells adapt by proliferating and laying down matrix resulting in glomerulosclerosis. [2] [3] [4] [5] [6] 
Podocytes are complex neuron-like postmitotic cells adherent to the underlying glomerular basement membrane via foot processes that must contiguously cover the filtration surface area to maintain the normal filtration barrier. Podocytes cannot divide in situ and have limited capacity for replacement. 1 This means that when podocytes are lost, or the glomerular surface area increases due to glomerular growth, the major adaptive response is by hypertrophy. At the same time, the podocyte's structural complexity means that its capacity to hypertrophy is limited. Inability to maintain contiguous coverage of the filtration surface by foot processes results in protein leak into the filtrate. If podocyte detachment exceeds hypertrophic capacity, other glomerular cells adapt by proliferating and laying down matrix resulting in glomerulosclerosis. [2] [3] [4] [5] [6] In a transgenic (AA-4EBP1) rat model designed to selectively constrain podocyte hypertrophic capacity but to leave all other cells in the body able to divide and hypertrophy normally, glomerular growth triggered by nephrectomy causes proteinuria, glomerulosclerosis, and progression to ESRD within 12 weeks. 6 In this model, prevention of glomerular growth by calorie restriction entirely prevents proteinuria and glomerulosclerosis after nephrectomy. Because susceptibility to glomerulosclerosis in this model is imposed by podocyte-specific transgene expression, this tells us that podocyte failure to hypertrophy is the key factor driving glomerulosclerosis and downstream interstitial fibrosis/tubular atrophy in this setting.
In all models of progression examined, including the 5/6 nephrectomy model, glomerular destabilization caused by podocyte stress resulted in accelerated podocyte detachment measurable in urine by urine podocyte markers. [6] [7] [8] Over time, accelerated podocyte detachment causes progressive podocyte depletion from glomeruli. Reduced podocyte density beyond a critical threshold (about 30% in acute rat models) causes mesangial expansion and adhesions to Bowman's capsule, and as .40%-50% podocyte depletion occurs, then glomerulosclerosis, interstitial fibrosis, and eventually ESRD supervene. [6] [7] [8] [9] These observations raise the specter that the one-kidney (1K) state could be on the borderline of being inherently unstable in susceptible patients, particularly in settings such as genetic susceptibilities, accelerated body growth, obesity, reduced nephron mass for any cause (e.g., CKD), immune attack aimed at endothelial cells or podocytes, circulating immune complexes, and/or hemodynamic stress. This concept is supported by clinical scenarios in which (1) kidney outcome is related to nephron mass, 10 (2) postnephrectomy weight gain is associated with worse renal outcome, 11 ( 3) a mismatch between allograft and recipient weight is related to worse outcome, 12 (4) high body mass index is associated with worse allograft outcome in kidney transplantation, 13 and (5) donating a kidney appears to be associated with an increased prevalence of ESRD. 14, 15 The fact that allograft outcome after the first year has not improved substantially in spite of improved immunosuppression must also be biologically explained. 16 We recently adapted methodologies for quantitating podocytes in urine and kidney biopsies for use in humans. 17, 18 Therefore, tools are available to begin to understand what happens to podocytes in the transition from a two-kidney (2K) state to a 1K state as well as in glomerulopathies. Human kidney transplantation offers a scenario in which these questions can be examined.
RESULTS

Approach
Protocol kidney biopsies are performed at the time of kidney implantation and 3 months later for surveillance. Thus, two or more biopsies are available for analysis from an individual kidney to compare the state of the kidney when it was one of a pair of kidneys serving the donor (the implantation "time 0" biopsy), and after the kidney has adapted for 3 months as it serves as a single kidney in the recipient (the 3-and 12-month biopsies). Demographics for the protocol biopsy group are shown in Table 1 . All time-0 and 3-month biopsies were pathologically within normal limits.
Two independent methods for estimating podocyte density in a single histologic section were used ( Figure 1 ). Podocyte nuclear density is estimated by imaging software using TLE4 antibodies to identify podocyte nuclei and measure their mean caliper diameter (D) and thereby estimate their density in the glomerular tuft. 18 Podocyte cell area density is then estimated in the same section using Glepp1 immunoperoxidase histochemistry. Correlation between these parameters is shown in Figure 2 .
The 2K to 1K Transition Table 2 shows morphometric data for paired time-0 and 3-month biopsies as follows. (1) Glomerular volume increased by 21%, as would be expected after kidney hypertrophy after uninephrectomy. (2) Podocyte nuclear number per glomerular tuft was not statistically significantly decreased. (3) The glomerular tuft volume served per podocyte therefore increased significantly by 23%. (4) Correspondingly, the podocyte nuclear density (number per volume) was significantly reduced by 20%. (5) By contrast, the podocyte Glepp1 area density was not significantly reduced (25%) and the Glepp1-positive tuft volume tended to increase (+10%), although not statistically significantly. (6) The average individual podocyte volume increased significantly by 19%. This was accompanied by an almost statistically significant increase in podocyte nuclear volume (P=0.06). Therefore, transition from the 2K to the 1K state resulted in glomerular tuft enlargement with resulting reduction in podocyte density and compensatory podocyte hypertrophy of about 20% by 3 months.
On the basis of our previous studies in model systems, we would expect that this reduction in podocyte density in the 2K to 1K transition might be expected to trigger glomerular destabilization in susceptible individuals. If this were to occur, it should be detectable by an increased rate of podocyte detachment into the urine.
Urine Podocyte Detachment in Allograft Recipients
There were 737 urine samples collected and analyzed from 251 allograft recipients over a 3-year period. Demographic data are shown in Table 3 . Where more than one sample was available from a patient, the averaged value for all available samples was used for comparison with the 2K control group. Podocin mRNA is specific to the podocyte. The urine pellet podocin mRNA/creatinine ratio (UPodCR) assay therefore provides an estimate of the amount of podocyte detachment from glomerular tufts measured in spot urine samples analogous to the urine protein/creatinine ratio, as previously described. 17 Data are shown as a fold comparison with 2K age-matched control values (n=174). We previously reported that the UPodCR is detectable in normal urine and does not vary significantly with age, sex, or race. 17 Figure 3A shows UPodCR data from allograft recipients (1K) compared with the 2K control. We had anticipated that because an allograft recipient has on average half the number of nephrons, they would excrete half the amount of podocytes. However, as shown in Figure 3A , allograft recipients excrete on average 6-fold more UPodCR than the 2K control (P,0.001). Furthermore, this level of podocyte excretion persisted for .5 years after transplantation.
Because allograft recipients have failing native kidneys in situ, it was possible that podocytes derived from native kidneys would contaminate allograft urine and thereby provide an increased urine podocin mRNA signal. The fact that the increased UPodCR persisted long term after allografting makes this possibility unlikely. However, to further address this question, Figure 3B shows data from deceased donor allograft recipients who were transplanted .4 years after starting dialysis when they would be expected to have minimal residual urine that could contaminate allograft urine. The level of UPodCR Figure 3B ). We previously reported that patients with ADPKD do not excrete increased UPodCR as they progress to ESRD, as is also confirmed in Figure 3B . 17 Therefore, residual urine cannot be the source for the increased UPodCR signal in recipient urine. The major source must be from the allograft itself. Subgroup analysis for UPodCR was performed according to either post-transplant eGFR or allograft biopsy diagnoses as shown in Figure 4A . Samples from long-term stable allografts with normal kidney function (eGFR$60 ml/min) had close to normal UPodCR values (2-fold above the 2K value, P=0.02). Samples associated with a normal biopsy, rejection, tubulointerstitial injury, and interstitial fibrosis/tubular atrophy (IF/TA) were not significantly increased above the eGFR$60 ml/min group. By contrast, transplant glomerulopathies (TGs) (whether occurring early or late after transplantation) or glomerular diseases (GDs) (including recurrent and de novo GDs) showed significantly higher levels 20-to 30-fold above the 2K control (P,0.001) and .8-fold above the eGFR$60 ml/min control group (P,0.01). This result is similar to our previously published data in which all GD groups had increased UPodCR, whereas a tubulointerstitial disease (e.g., ADPKD) did not. 17 We conclude that, on average, allografts have increased UPodCR signal after transplantation in spite of the fact that they have only half the number of podocytes. This is compatible with some level of podocyte stress occurring after transplantation and raises the question of whether some allograft recipients with high-level podocyte detachment could become depleted of podocytes over time.
Transplant Glomerulopathies
We therefore evaluated whether glomeruli of patients with TGs have reduced numbers of podocytes in their glomeruli compared with both time-0 kidneys and 3-and 12-month Upper and lower panels show glomeruli with moderate and severe transplant glomerulopathy, respectively. Note that the Glepp1 peroxidase-stained sections show an increasing proportion of the area that is Glepp1 negative (relative podocyte depletion and reduced podocyte density) in association with transplant glomerulopathy. These glomeruli have reduced podocyte nuclear density due to a combination of glomerular enlargement and reduced number of podocyte nuclei.
post-transplant protocol biopsies. Recurrent and de novo GDs in the allograft were excluded from analysis. To understand the time factor in relation to development of post-transplant glomerular injury (TG), we separated TG biopsies into those diagnosed within 2 years of transplantation ("early TG" average 0.9 years after transplantation) and those .2 years (average 10.6 years) after transplantation ("late TG"). Table 1 shows demographic data. Because long-lasting allografts with normal kidney function are not biopsied, we do not have this morphometric data. Instead, we analyzed biopsies at 10 years after allografting performed for reduced renal function in which the pathologic report did not note glomerulopathy as a significant element. Table 4 shows morphometric data comparing these groups. Results are summarized as follows.
Protocol Biopsies at Time 0, 3 Months, and 12 Months Compared by Unpaired Analyses
There was a trend (not statistically significant) for the podocyte number per tuft, podocyte nuclear density, and Glepp1 percent area to all decrease with time after transplantation, and for the glomerular volume and Glepp1-negative volume (primarily mesangial expansion) to increase over the 12-month period of observation. Only podocyte density decrease between time 0 and 12 months achieved statistical significance by unpaired analysis (P=0.02). The paired analysis shown in Table 2 confirms these same changes between time 0 and 3 months.
Early TG Podocyte number per glomerulus, density, and Glepp1 percent area were all significantly decreased compared with the time-0, 3-month, and 12-month controls. The glomerular volume was not statistically increased. These data show that within 2 years after transplantation (average 0.9 years, range 3-24 months), a subset of allograft recipients with a poor outcome developed accelerated podocyte loss and significant reduction in podocyte density.
Late TG Podocyte number per glomerulus, density, and Glepp1 percent area were all significantly decreased compared with the time-0, 3-month, and 12-month controls. The glomerular volume was also significantly increased above all other groups (2-fold above the time-0 control). Glepp1-negative (nonpodocyte) tuft volume was also significantly increased in association with increased glomerular volume. This result shows that by an average of 10 years after transplantation, a subset of allografts develops a marked reduction in podocyte density resulting from a combination of reduced podocyte number per tuft and increased glomerular tuft volume.
Late Non-GN This heterogeneous group (arterial disease and/or IF/TA without prominent GD) also showed a trend toward reduction in podocyte density and number per tuft by 10 years after transplantation, although only the glomerular volume per podocyte and Glepp1 percent area were significantly higher than the late GN group. Morphometric parameters are shown for paired sample analysis in which each implantation (time 0) biopsy was paired with its 3-month biopsy from the same kidney (n=18 pairs). For unpaired analysis shown in Table 4 , additional samples were included that did not have pairs. Statistical and fold comparisons are shown. Figure 2 . Two independent methods of measuring podocyte density (podocyte nuclear density and Glepp1 area density). Linear regression analysis shows correlation with an R 2 =0.50.
These data are derived from the time-0 implantation biopsies (n=20), the 3-month biopsies from the same kidneys (n=20), the 12-month biopsies (n=14), the early TG biopsies (n=16), the late TG biopsies (n=18), and the late non-GD biopsies (n=6) as shown in Table 1 .
Podocyte Hypertrophy
No further statistically significant increase in podocyte cell volume was noted between groups other than that noted in the paired analysis between time 0 and 3 months (Table 2) . This is compatible with podocytes being maximally hypertrophied by 3 months after implantation. Figure 5 summarizes podocyte nuclear density changes in relation to time after transplantation and their implications for outcome. Potential sites for therapeutic intervention are indicated by numbers as outlined in the Figure 5 legend.
Relationship of Podocyte Density to eGFR
Model systems prove that podocyte depletion per se causes progressive glomerulosclerosis leading to ESRD. Figure 6 , A and B, shows that podocyte density measured either by nuclear density or Glepp1 area also correlated strongly with eGFR in allograft recipients. Figure 6 , C and D, shows that the glomerulosclerosis score increased in association with both reduced podocyte nuclear density and reduced Glepp1 area density. Figure 7 shows that Banff pathologic scores also correlated with podocyte density estimates. Figure 6 , E and F, shows that high-level proteinuria also appears in association with podocyte nuclear density below about the 100 per 10 6 mm 3 range or when the Glepp1 percent area falls below about 30%. Figure 8 shows that proteinuria correlated with the UPodCR assay consistent with the concept that podocyte detachment causes proteinuria.
Relationship of Podocyte Density to Glomerulosclerosis
Relationship of Podocyte Density to Proteinuria
DISCUSSION
Kidney transplantation offers the opportunity to examine the 2K to 1K transition in human kidneys. Magnetic resonance imaging studies report that the remaining kidney hypertrophies by about 24% within a few days after uninephrectomy. 19 We demonstrate that the compensatory glomerular hypertrophy in the 2K to 1K transition also averages about 20% within 3 months. The glomerular tuft gets 20% larger. Podocyte number does not increase. Podocytes therefore have to hypertrophy by about 20% to deal with the hypertrophic challenge. We know from the hDTR rat model of controlled podocyte depletion that a 30% reduction in podocyte density occurring over a short period of time triggers glomerular destabilization, leading to further long-term podocyte detachment that eventually causes glomerulosclerosis and ESRD by about 12 weeks. 7-9 5/6 nephrectomy is a widely used model of progression to ESRD, and uninephrectomy triggers progression to ESRD in susceptible animals. 6, 8 This raised the possibility that nephrectomy or transplantation ("reverse nephrectomy") per se might cause significant podocyte hypertrophic stress. From model systems, we know that podocyte stress results in an increased rate of podocyte detachment measurable in urine. [6] [7] [8] We therefore examined the UPodCR in allograft recipients to determine whether similar events occur.
We found that allografts on average have a persistently increased amount of UPodCR about 6-fold above the 2K control, which is compatible with the concept that podocyte stress may indeed occur after kidney transplantation. This could not be explained by contamination from native kidney urine. In the subset of recipients that become stable long term with an eGFR$60 ml/min and no proteinuria, the podocyte detachment rate is close to the normal 2K value. We speculate that this reflects successful adaptation by podocytes in these patients. However, in a subset of allograft recipients that develop glomerulopathies (either transplant glomerulopathy or recurrent GD), the rate of podocyte detachment was significantly increased 10-to 20-fold above the 2K median level. We would expect that this high level of podocyte detachment, if persistent, would be associated with progressive podocyte depletion and progression to ESRD over time, particularly because kidney allograft recipients have only one kidney and thus half the number of podocytes compared with the 2K state. In keeping with this expectation, biopsies from patients with late TG (average 10.6 years after grafting) showed a highly significant reduction in podocyte density caused by a combination of a reduction in podocyte number per glomerulus and increased glomerular volume. An early TG group (within 2 years of transplantation) also showed a reduction (53%) in podocyte density due to decreased podocyte number per glomerulus but without an associated increase in glomerular volume. A previous report similarly documented podocyte depletion in transplant glomerulopathy in humans, 20 and podocyte injury/stress was previously reported in a rat model of kidney transplantation. 21 Similar reductions in podocyte density have also been reported for both diabetic glomerulosclerosis and IgA nephropathy. 22, 23 Podocyte nuclear density was related to eGFR at the time of biopsy compatible with podocyte depletion causing progression to ESRD, as has been proven to occur in model systems. [6] [7] [8] [9] El-Zoghby and colleagues report that up to 40% of allografts fail from GDs. 24 TG is thought to be associated with antibody-mediated immune attack on the kidney, although mechanisms by which this occurs have not been defined. [25] [26] [27] [28] [29] [30] Immune mechanisms directed either at the podocyte itself or at endothelial cells with secondary podocyte injury could drive podocyte depletion. On the basis of model systems, we speculate that the rate of podocyte depletion observed in the late TG group could be accounted for by hypertrophic podocyte stress causing accelerated podocyte detachment, although immune mechanisms could also contribute. Hypertrophic nonimmune processes would also amplify glomerular injury caused by other mechanisms, both by facilitating access of circulating antibody to podocytes and causing underlying podocyte stress rendering them more susceptible to immune injury directed primarily at endothelial cells.
Increased proteinuria has been demonstrated to be powerfully associated with allograft outcome. [31] [32] [33] Proteinuria is a marker for podocyte detachment, depletion, and glomerulopathy, and may also independently play a role in driving progression to ESRD. Proteinuria correlated with amount of podocyte detachment compatible with this concept. Model systems demonstrate that proteinuria per se does not cause increased urine podocyte mRNA detectability. 8 The UPodCR is significantly increased 6-fold above the 2K control for all transplant urine samples (All Tx). Similar UPodCR levels are present whether the recipient receives either a deceased donor kidney .4 years after reaching ESRD and therefore without residual urine (DDTx) or has a preemptive transplant that by definition has enough residual urine to survive (Preemptive Tx). Similar values are also present if the recipient has reached ESRD secondary to PKD even although patients with PKD do not have elevated UPodCR levels before transplantation (PreTx PKD). The boxes represent median and interquartile ranges, and bars represent 1.5-fold3the interquartile range below the 25th percentile and above the 75th percentile. Means are compared using ANOVA with post hoc Bonferroni correction for multiple comparisons. Outliers outside the mean62 SD range of the biomarker are shown with dots, and those outside the mean63 SD are shown with asterisks. LDTx, living donor kidney transplant; PKD, polycystic kidney disease.
J Am Soc Nephrol 26: ccc-ccc, 2014
Transplant Glomerulopathy Figure 5 illustrates potential sites for therapeutic targeting to maintain podocyte density and thereby prolong allograft halflife. These include the average 25% podocyte density reduction occurring in the first year after transplantation (option 1), identifying and preventing putative immune mechanisms driving podocyte depletion (option 2), decreasing hypertrophyinduced accelerated podocyte detachment (option 3), and modulating the baseline rates of podocyte detachment and glomerular enlargement (option 4). Nonimmune mechanisms can already be targeted by available approaches. For example, weight gain would be expected to accelerate kidney and glomerular hypertrophy postimplantation and thereby amplify podocyte stress and detachment. 6 The relationship between increased body mass index and shortened allograft half-life is well documented in humans. 13 Angiotensin II blockade reduces the rate of podocyte detachment, 8 although it would need to be commenced early after implantation to have an optimal protective effect. A recent randomized controlled trial of angiotensin II blockade after transplantation showed a borderline protective effect on IF/TA (P=0.08) even though treatment was started 6 weeks after implantation and the outcome parameter measured was not glomerulosclerosis. 34 A nonimmune growth-dependent mechanism would also be expected to be ameliorated by mammalian target of rapamycin inhibition compatible with clinical reports of improved long-term allograft survival. [35] [36] [37] The major strength of this study is that it is conceptually derived from prior work in model systems, although it is observational and cross-sectional and the sample size is relatively small. Nevertheless, the data show that a better understanding of podocyte biology in the kidney transplant setting could provide insights and tools to help prolong allograft half-life.
CONCISE METHODS
Use of urine samples for mRNA analysis and archival kidney tissues was approved by the University of Michigan Institutional Review Board (HUM00055525, HUM00083116, and HUM00025707).
Urine Sample Collection
Samples were collected from allograft recipients in the University of Michigan kidney transplant program prospectively over a 3-year period. The samples used were the remaining urine left over from routine urine collections provided by patients at their regular clinic visits. All samples were assigned a study number that connected them to clinical information from the chart. Clinical information used for analysis was retrospectively collected for each sample from the clinical chart and used to populate a deidentified database.
Urine Assays
The methodology used was as previously reported. 17 
Normal Urine Samples
We collected 174 urine samples from unidentified people aged 18-73 years who had no known kidney disease or hypertension. Each sample was associated with a short consent form filled out by the urine donor that included information about age, sex, race, medical conditions, and medications. Exclusion criteria included any kidneyrelated disease, antihypertensive medication, urine dipstick positive for blood or protein, and UPodCR of .0.18. There were no statistical differences in mRNAs between the excluded samples on the basis of the above criteria (n=37) as a group and the samples included in the normal group for subsequent analysis.
Urine Processing
Urine (up to 50 ml in a sterile 50-ml plastic centrifuge tube) was centrifuged at 4°C for 15 minutes at 4000 rpm (32003g) on a tabletop centrifuge. Two 2-ml aliquots of the supernatant were removed and stored at 220°C for protein, creatinine, and other measurements. The urine pellet was suspended in 750 ml of cold DEPCtreated PBS, pH 7.4 (DEPC-PBS), at 4°C using a sterile disposable polystyrene transfer pipette and was then transferred to a labeled 1.7-ml plastic centrifuge tube. A second 750 ml of PBS was used to wash the bottom of the 50-ml centrifuge tube to recover remaining pellet material, and was added to the 1.7-ml tube. The transferred pellet material in 1.5 ml PBS was then centrifuged at 12,000 rpm in a minicentrifuge for 5 minutes at 4°C. The supernatant was discarded. To the centrifuged washed pellet, we added 350 ml of RLT buffer containing b-mercaptoethanol at 10 ml/ml of RLT buffer according to the RNeasy Qiagen protocol (Germantown, MD). The pellet was suspended in RLT/b-mercaptoethanol buffer and then frozen at 280°C for assay.
RNA Preparation and Quantitative RT-PCR Assay and Interpretation
The total urine pellet RNA was isolated using the protocol of the RNeasy Mini Kit (catalog no. 74106; Qiagen). Quantitation of the absolute podocin mRNA abundance was performed using the 7900 HT Fast Real-Time PCR System (Applied Biosystems) using TaqMan Fast Universal PCR Master Mix, with sample cDNA in a final volume of 25 ml per reaction. TaqMan probe for human NPHS2 (podocin) (catalog no. Hs00922492_m1; Applied Biosystems) was used. All data were from 2-ml samples measured in duplicate. Standard curves were constructed for each assay using serially diluted cDNA standards. Assays were accepted only if the r 2 was .0.97 for standard curves using SDS 2.2.2 software (Applied Biosystems). Human podocin cDNAs of known sequence and concentration were used as standards for each assay so that the data could be calculated on a molar basis for each probe. We previously reported analysis of urine RNA quality, recovery, and stability. The coefficient of assay variation is 35%. In control samples, which contain low RNA levels, podocin mRNA was not detectable in 33% of samples starting with ,20 ml urine and in 15% of samples starting with 30-50 ml urine.
Stability of Urine mRNAs and Sample Handling
For this study, we collected urine in clinics at any time of the day from 7
AM until 4 PM and stored the samples at +4°C. At approximately 4 PM, they were then collected for transport to the laboratory for processing.
Urine Data Analyses and Expression
All assays were performed against cDNA standards. Because the urine sample volume varied from 5 to 50 ml, we first expressed data per milliliter of urine, and we then expressed data per gram of urine creatinine to compensate for urine concentration. All data are therefore expressed per gram of creatinine. Where more than one sample was available from a patient, the mean value of all available samples was used for analysis so that each patient is represented only once. Because these are mRNA assays, the possibility exists that the amount of mRNA in a cell could increase in relation to the amount of hypertrophy. Therefore, it might not be accurate to interpret these urine mRNA data in relation to cell number. We therefore use the term "amount" of urine mRNA under the concept that losing a hypertrophied cell could be equivalent to losing two nonhypertrophied cells in terms of glomerular basement membrane surface covered. The term "amount" deals with this concept in a reasonable way.
Medications
Triple medication including cyclosporin, mycophenolate mofetil, and prednisone was used as the standard immunosuppressive regimen at the University of Michigan until 2010, when cyclosporine was changed to tacrolimus. If the patient is considered as having high immunologic risk (e.g., panel-reactive antibody [PRA] .20%, African-American race, living unrelated donor kidney, extended criterion donor kidney, desensitization for high PRA, blood group ABOincompatible kidney, positive cross-match, or high donor-specific antibody [DSA]), thymoglobulin is used perioperatively as induction therapy in addition to the standard immunosuppressive regimen.
Definition of Pathologic Cohorts and Background Information
All biopsy samples were from adults.
Control Time-0 and 3-Month Protocol Biopsy Cohorts
All time-0 and 3-month protocol biopsy samples used were pathologically within normal limits. Twenty-three pairs of biopsies performed at implantation and 3 months later for protocol surveillance were analyzed. In five cases, one or other of the pair could not be used for analysis because the number of glomerular profiles present was ,8, which we have previously established as the lower limit for an Figure 5 . Podocyte nuclear density is decreased after transplantation and further decreased in association with early and late TG, thereby setting the allograft up for failure. The normal 2K rate of podocyte density decline with time is shown by the dashed line above (unpublished data). The gray area shows the podocyte density below which ESRD is present. The 2K to 1K transition per se causes a 26% decrease in podocyte density over the first year (solid diamonds). The non-GD group is projected as running approximately parallel to the expected 2K rate of decline with time (solid square). By contrast, the early TG group (solid triangle) has a rapid decrease in podocyte density projected to reach ESRD within approximately 2 years (if untreated). The late TG group (solid circle) also has reduced podocyte density and is projected to reach ESRD by approximately 16 years. Prolongation of allograft half-life could potentially be achieved by targeting the following options: (1) the major reduction in podocyte density occurring at transplantation due to compensatory hypertrophy, (2) the rapid podocyte density reduction due to podocyte loss in the early TG group probably resulting from immune mechanisms directed at the podocyte and/or other cells, (3) accelerated long-term podocyte density reduction in the late TG group resulting from both reduction in podocyte number and increased glomerular volume that may in part be due to nonimmune mechanisms, and (4) the time-associated density decrease represented in the non-GD group that approximately parallels to the expected 2K rate of decreased podocyte density over time. adequate estimate of glomerular volume. Adequate profiles were present in 18 pairs of biopsies from both time-0 (implantation) and at 3 months as shown in Table 2 . There were 20 biopsies with $8 glomerular profiles available for unpaired analysis for the time-0 and 3-month groups as shown in Table 4 . Table 1 shows that some of these patients subsequently developed rejection.
Twelve-Month Protocol Biopsy Cohort
Seventeen protocol biopsies were available from the same group of patients as provided the time-0 and 3-month biopsies. Fourteen of these biopsies contained adequate glomerular profiles for analysis.
Of the 17 patients in this group, 1 had biopsy evidence of a Banff1A acute cellular rejection level and 6 had borderline rejection at the 12-month biopsy.
Early TG Cohort
The term "early TG" is used as a descriptor for glomerulopathies identified at biopsy within the first 2 years after implantation which were not due to recurrent GD. Sixteen biopsies from eight patients were assigned to this group. Six had glomerulitis, of which two also had peritubular capillaritis meeting 2014 Banff criteria for acute antibody-mediated rejection. 38 Seven patients were hepatitis C antibody negative, whereas one patient was hepatitis C antibody positive. One biopsy showed thrombotic microangiopathy. C4d immunoperoxidase was negative in 14 biopsies and was not done in 2 biopsies. Six patients were negative for DSA at transplantation, whereas two were positive (DRB3*0101, DPB1*0401, B70 MFI 1134, and DQ4 MFI 20,883) and two subsequently developed de novo DSA (Cw2 MFI 1,702, DQ4 2,149, and DQ8 MFI 4,580). Of the eight patients at transplantation, PRA was not available for one, was low in four (#3% for both CI and CII), and was high (.71% in either or both CI and CII) in three.
Late TG Cohort
The term "late TG" is used as a descriptor for glomerulopathies identified after 2 years after implantation that were not recurrent GD. Eighteen biopsies from 17 patients were assigned to this group. These biopsies had duplicated basement membrane compatible with 2005 Banff TG criteria. 39 Late Non-GD Cohort
Late non-GD was defined as biopsies done for cause (reduced eGFR) approximately 10 years after transplantation where the pathologic report did not include significant glomerulopathy. Six biopsies analyzed either did not have TG or recurrent GD (diabetes or membranous GN) and had an adequate number of profiles for analysis. Of these six biopsies all had arteriolopathy, one also had BK nephropathy and four had IF/TA. Biopsies were scored by J.B.H., who was blinded to the morphometric data, according to the quantitative criteria described in the Banff 1997 classification 40 for mesangial matrix increase (mm) and transplant glomerulopathy (cg). For mm, 0 means none, 1 means up to 25%, 2 means 26%-50%, and 3 means .50% of at least moderate matrix increase of nonsclerotic glomeruli affected. For cg, 0 means none, 1 means up to 25%, 2 means 26%-50%, and 3 means .50% of double contours affecting peripheral capillary loops in the most affected glomerulus. In addition, the number of glomeruli with transplant glomerulopathy, global sclerosis, segmental sclerosis, and adhesions was counted and presented as a percentage of total glomeruli. Because three pathologists were involved in reading the original biopsies with nonidentical thresholds for calling TG, all biopsies from a particular patient were assigned to a TG group if one or more biopsies from that patient had already been assigned a TG pathologic diagnosis.
Podocyte Density Methodology
The method used was as previously reported. 18 Regular formalinfixed paraffin-embedded histologic sections available as unstained slides from routine pathologic analysis were deparaffinized in fresh xylene, rehydrated, and permeabilized with 0.1% Triton-X100 in PBS for 10 minutes at room temperature. Slides were then incubated at 92°C for 2 hours in Retrieve-All 1 solution (Signet Laboratories, Dedham, MA) for antigen unmasking. After blocking with 1% BSA for 1.5 hours, slides were incubated overnight at 4°C with mouse mAb to TLE4 (SC-365406 monoclonal IgG1; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:150 dilution in 1% BSA. After a wash step, they were then incubated for 1 hour at room temperature with Alexa Fluor 488 goat anti-mouse IgG (A11001; Invitrogen) diluted to 1:300 in 10% human serum diluted in PBS. A further amplification step used a third antibody against the secondary antibody by incubating slides with Alexa Fluor 488 donkey anti-goat IgG (A11055; Invitrogen) diluted at 1:500 in 10% human serum in PBS at room temperature for 1 hour. The second and third antibodies were absorbed using 10% human serum incubated overnight at 4°C followed by centrifugation at 4°C for 10 minutes at 16,0003g to remove immune aggregates immediately before use. Coverslips were mounted using SlowFade Gold antifade reagent with diamidino-2-phenylindole (S36939; Invitrogen Molecular Probes). Glomeruli were sequentially photographed using an Olympus DP70 Digital Microscope camera (Center Valley, PA) fitted onto a Leica DM IRB microscope (Deerfield, IL) using red, green, and blue filters and converting the green signal to red and vice versa, and then merging as RGB and RG files.
For image analysis using Image Pro Premier software, glomerular tufts are defined so as to exclude parietal podocytes from analysis. Podocyte nuclei are exactly masked using the software so that podocyte nuclear number and apparent nuclear mean caliper diameter (d) can be simultaneously measured and exported to an Excel file for each glomerular profile. The true podocyte nuclear mean caliper diameter (D) was then calculated for each section using the previously described spreadsheet incorporating a quadratic equation (C and D) Relationship to glomerulosclerosis score. Podocyte nuclear density and Glepp1 area density correlate with eGFR with R 2 =0.37
and R 2 =0.50 (P,0.001), respectively. (E and F) Relationship to proteinuria. Podocyte nuclear density and Glepp1 area density correlate with the urine protein/creatinine ratio (UPCR) with R 2 =0.25 and R 2 =0.38 (P,0.001), respectively. , and a podocyte nuclear shape coefficient (k=0.72). 18 The appropriate correction factor (CF) required for each individual slide was then calculated using the equation CF=1/(D/T+1), where T is the section thickness (in micrometers) and D is the true mean podocyte nuclear caliper diameter (in micrometers). The observed podocyte nuclear number was then multiplied by the CF to obtain the true podocyte number present in each glomerular profile from the biopsy. The podocyte density is given by the sum of all podocyte nuclei counted in glomerular profiles3CF divided by the total volume of all glomerular tuft profiles assessed (sum of tuft area3thickness=volume) and expressed as podocytes per 10 6 mm 3 . Globally sclerotic glomeruli were excluded from analysis.
Glepp1-Positive Percent Area
This method is as previously reported for model systems. [6] [7] [8] [9] After imaging of the above sections, the coverslip is removed by incubation in xylene. After rehydration, sections were stained for immunoperoxidase using Vectastain Mouse IgG Kit (PK-6102; Vector Laboratories Inc, Burlingame, CA). After a blocking step, slides were incubated with mouse anti-human Glepp1 mAb (5C11) at 1:1000 dilution in 1% BSA for 2 hours at room temperature. The substrate diaminobenzidine (Sigma-Aldrich D4293) diluted according to the kit instructions was incubated on the section at room temperature. The development of brown peroxidase product was visually monitored under the microscope to avoid overdevelopment and high background. Slides were then washed and counterstained with hematoxylin, dehydrated, and mounted with permount. All glomerular tuft profiles were imaged using the Olympus DP70 Digital Microscope camera. Glomeruli tuft area and peroxidase Glepp1-positive area identified by masking the brown substrate were measured by using Meta Image series 6.1 software. Glomerular profiles were imaged and numbered in the same order for both TLE4 immunofluorescence and Glepp1 immunoperoxidase so that the same tuft area could be used for both TLE4 and Glepp1 measurements. Globally sclerotic glomeruli were excluded from analysis. The lower limit of normal for Glepp1 calculated as the mean22 SD is 32.4 (n=85) with no significant variation present by age or sex.
Glomerular Volume Estimation
The area of all glomerular tuft profiles present in the biopsy including all small profiles was measured as outlined above. The average radius (r) of all tuft profiles was then calculated assuming glomeruli are spherical. The average maximal radius (R) is then calculated as R=r34/p as per Weibel. 41 Glomerular tuft volume is given by 4/3pR 3 . If ,8 tuft profiles were present in the biopsy, then glomerular volume estimates were not made because there are insufficient profiles to reliably make the estimate as previously described. 18 Globally sclerotic glomeruli were excluded from analysis.
Podocyte Volume Estimation
The average Glepp1-positive percent area3glomerular volume gives an estimate of average total podocyte volume per glomerular tuft. Similarly, the Glepp1-negative glomerular tuft volume represents scarred tuft, mesangial matrix expansion, mesangial cells, endothelial cells, and open capillary loops containing blood products. The average total glomerular tuft podocyte volume divided by the average number of podocyte nuclei per tuft provides an estimate of average individual podocyte volume.
Statistical Analyses
For descriptive purposes, the mean6SD, or median and interquartile range (for skewed variables), was used to show the distributions of continuous variables. Count with relative frequency was applied as the descriptive statistic for categorical variables. All of the continuous skewed variables underwent base-10 log transformation before comparison. The paired t test was used to compare parameters of paired biopsies. Means of variables in two and more than two independent groups were compared by the independent t test and ANOVA, respectively. Bonferroni correction was applied in multiple comparisons. A linear regression model was utilized to quantify the relationship between the continuous variables. Best-fit curve estimation, including quadratic and cubic models, was applied to demonstrate the nonlinear associations between two continuous variables. Analyses were performed using SPSS version 21 (Armonk, NY).
